(U) Heat Exchange During Encapsulation in a Chemical Warfare Agent Protective Patient Wrap in Four Hot Environments

PERSONAL AUTOR(S)
The purpose of this study was to determine safe encapsulation time limits in four hot environments including a simulated solar heat load and thereby generate an equation predicting safe time limits for hot environments. Eight male subjects were studied during encapsulation in a Chemical Warfare Agent Protective Patient Wrap in each of four environments-The dry insulative (It) value of the wrap was 1.44 clo and the permeability index (Im)\was 0.25. The ambient temperature (Ta) in Environment I averaged 54.7C with an average dew p nt temperature (Tdp) of 21.7°C and black globe temperature (Tg) of 68.3*C. In Environment I, Ta was 42.7"C; Tdp was 32.5*C and Tg was 56.30C. In Environment III, Ta was 41.8*C; Td was 11.3*C and Tg was 57.5*C. In Environment IV, Ta was 35.7*C; Tdp was 27.7*C and Tg was 5 .5-C. The verage irradiance was 1152 W'm -2 and wind speed was 0.5 m.s-1 in all environments. Rectal temperature, mean skin temperature, mean body temperature (Tb)i air temperature and ithin the wrap and wrap temperature were measured every minute. Metabolic rate MY was easured during encapsulation by partitional calorimetry. Encapsulation time was the time
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the subject could voluntarily remain in the wrap or until his heart rqte exceeded 160 beata'uinl for five consecutive minutes. Evaporative heat loss (IL) was calculated from the pro-and post-experimental weight of the subject, which had been corrected for dripped sweat. Dry heat gain (R+C) was calculated from the heat balance equation. The Table below list* the average heat balance data at the 30th min of encapsulation and total time of encapsulation in the four environments. A multiple linear regression equation was calculated from those factors, which best predicted time of encapsulation. One factor was net heat flow through the skin (Nk) which is a function of metabolic rate. The other two factors were the water vapor pressure within the wrap (Pw-in) and operative temperature (T O ), which integrates effects of dry heat exchange.
Where X -Hk
ThesW'data show that safe encapsulation time is severely limited in Hot/Dry 4-)and Hot/Wet (14)-'environsents when a solar heat load is included. A preliminary study (n-2) shows that encapsulation time in Environment I can be extended by e 23 min by covering the wrap with twi towels saturated with water. The wetted cover decreased tient body heat storage by enhancing evaporative heat loss from the surface of the wra
The present study documents that heat injury will quickly develop in patients who are 1& in the sun while encapsulated in the wrap in any hot environment.
/
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MATERIALS AND METHODS
Eight male members of the U. S. Marine Corps volunteered to be subjects for these experiments. Both written and verbal descriptions of the experiments were given to the subjects before they consented to do the experiments. Individual characteristics of the subjects are shown in Table 1 . and operative temperature (T ) for each environment are listed in Table 2 .
Operative temperature integrates the effects of dry heat weighted by the respective convective and radiative heat transfer coefficients. Ta, Tdp, and T were measured between the two supine subjects at the level of their knees and 61 cm above the floor of the chamber. The heat lamps were located in two banks. The apex of the lights was 2.9 m above the chamber floor. The lowest level of lights was 2.6 m and was located at the head and the feet of the subject. There were 68 lamps, each lamp was 375 watts. The mean irradiance at the level of the subjects as measured by a Fritschen net radiometer was
T was measured using a thermister (YSI) which was shielded from _. a direct exposure to the heat lamps by aluminum foil. Tdp was measured with a dew point sensor (6) . Pw was calculated from dew point temperature using the Antoine equation (13) . value of 0.17. A cardboard frame was placed inside the WRAP to prevent the film of the window from falling directly on the subject's face, as occurred in a previous study (15) . The WRAP contained two ports, one on each side at the level of the subject's chest through which were passed the electrical lines for the instruments and the expired air hose.
Prior to the study, resting metabolic rate of the fasted subject was measured while the subject was in a supine position ( Table 1 ).
The subjects also completed a familiarization session which was a shorten version of an actual experiment that included encapsulation and exposure to the heat lamps.
For the actual experiments the order of environmental conditions was counterbalanced. Two subjects were studied during each experiment which began at approximately 1700 h. At approximately 1700 h, the normal circadian rhythm in body temperature is near the zenith, which has been reported as some 0.40C higher than occurs at 0800 h (14) . Initiation of the thermoregulatory effectors also occurred at a higher core temperature in the late afternoon than in the morning (14) . Consequently, the core temperature data reported in this study are approximately 0.4 0 C higher than data collected in morning experiments.
The subject dressed in gym shorts, then inserted a thermister (YSI) into his rectum to a depth of 10 cm. Body weight was then measured. ECG electrodes were attached to his chest for subsequent heart rate measurement.
Each subject lay on the ground cover of the WRAP which had been placed on a standard Army litter outside the environmental chamber. Skin thermocouples (copper-constantan) were attached at eight sites. A plastic beaker which contained a dew point sensor was placed between the knees of the subject.
Equilibration of the dew point sensor with the air within the WRAP was achieved through numerous holes which were bored in the beaker. A thermocouple for the measurement of air temperature within the WRAP was attached to the beaker. A Daniels valve with an affixed mouthpiece and a nose clip were placed in the wrap within reach of the subject. A small diameter tube was placed between the eyebrows and attached to the subject.
Oxygen and carbon dioxide concentration within the WRAP was monitored through this tube. The upper blanket of the WRAP was placed over the legs of the subject while he rested quietly until his rectal temperature was stable.
This equilibration time was approximately 30 min, but was longer in some cases.
After equilibration, Arctic Ray-Ban sunglasses (Bausch and Lomb) were placed on the subjects to prevent eye injury from the heat lamps. The subjects were then encapsulated in the WRAP and taken into the environmental chamber. The litters were placed in previously marked positions and the positions were the same for each experiment to standardize the amount of radiative heat received by each subject.
Rectal temperature (T re), skin temperatures, Tdp within the WRAP, air temperature within the WRAP, Ta, Tdp and T were measured every minute.
Oxygen and carbon dioxide concentrations were periodically measured within each WRAP throughout the experiment using a Horizon II System (Sensormedics).
Heart rate was measured by telemetry (Hewlett-Packard). Metabolic rate was measured at least once during encapsulation by open circuit spirometry using the Horizon II System.
The experiment was terminated when the subject's heart rate was 160 beats • min -I for 5 min, T was 39.0 C or when the subject felt unable to re continue the experiment. The time the subject remained encapsulated in the lul6 wrap while he was in the environment chamber is referred to as encapsulation time.
Immediately after the experiment, the subject was carried out of the environmental chamber. The WRAP was opened. Tre and heart rate were monitored throughout recovery. When the subject recovered sufficiently from the heat stress, he was weighed.
Total body sweating rate (g-min -) was calculated from pre-and postexperiment body weights corrected for the unevaporated sweat. The unevaporated sweat was measured by weighing the WRAP before and after the experiment.
Mean skin temperature was calculated as: In the environments studied, encapsulation was quite short, especially in Environment I (Table 2) . Gonzalez et al. (8) 
RESULTS
There was significant heat storage during encapsulation in the four environments. Tsk' Tre' and Tb increased significantly from the first min of encapsulation (Table 3) to the 30th min (Table 4) . Although in Environment I, T re and Tsk were greater at 30 min than in the other three environments (Table 4) , Tb increased more in I than in III and IV. This greater heat storage was due to the excessive dry heat gained from the environment in I.
The increase in Tb per min of encapsulation was greatest in I although only significantly different from III and IV (Table 4) . There was also a larger 9 
aI is greater than III and IV. 
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increase in AT b/At ('C-min-) in II than in III and IV (Table 4) . Table 5 b T
shows the final Tre' T sk and measured before the experiment was terminated. The measured water loss, unevaporated sweat and evaporative rate for each environment are presented in Table 6 . The total water loss was significantly less in Environment IV than in the other three environments, while the evaporative rate was highest in Environment I.
Time of encapsulation could be predicted from biophysical parameters and a factor in the heat balance equation using a multiple linear regression equation.
Time --0.501(Ms) -2.709(P win) -0.834(T ) +148.572 (Eqn. 9)
Msk is a function of the metabolic rate calculated from the heat balance equation. Pw-in is the water vapor pressure within the WRAP Itself which was calculated from the dew point temperature. T integrates the 0 environment in terms of dry heat stress. Tb increased at a less rapid rate (0.0287 vs.0.0331 °C-min -) when the WRAP had a wetted cover, with the mean from two subjects being 0.0287 vs.
0.0378°C-min -with and without the wetted cover, respectively. There was also a lag in the time where Tb started to increase which was 12 mi longer than without the wetted cover. Table 7 shows the advantages of using a wetted cover in Environment I for the two subjects studied. The data presented in Tables 4, 5 Physiological data generally are quite variable due to the heterogeneity in human subject size and, in part, due to a motivational factor. For example, one subject, a heavy smoker, invariably was anxious during the experiment.
He usually asked to be removed from the WRAP before his core temperature or heart rate were increased to the point where the experiment should have been In all four environments studied there was a significant amount of water lost from sweating which ranged from an average of 0.5 kg in Environment I to 0.4 kg in Environment IV (Table 6 ). These results show that patients encapsulated in the WRAP for even a short period of time in the heat will become dehydrated and will need fluid replacement. Estimation of fluid replacement to a patient enclosed in the WRAP must included that lost as sweat in addition to normal fluid replacement. Of course, it must be remembered that injuries and shock have already occurred if the WRAP is being used. Loss of blood, in addition to the trauma of the injury, will seriously decrease the capacity of the patient to withstand the dehydration which will occur as a result of encapsulation in a hot environment or any moderate environment with a marked radiative heat load.
Prior to injury, some of the patients may have been injected with atropine. Atropine will significantly reduce sweating through competitive inhibition of acetylcholine at the muscarinic receptor of the sweat gland
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In studies of unacclimated men exercising in warm or hot environments (1,10,11) atropine reduced sweating by 45% of control sweating rates. If evaporative heat loss were reduced to that extent during encapsulation then heat storage would be significantly increased because evaporative heat loss accounted for all heat loss in this study (Table 4) In the field, the sun is primarily a point source of heat whereas the bank of infrared lights used in the present study provided numerous sources of heat, thereby resembling a cloudy sky. Also, the emission spectrum of the infrared lights was probably different from that of the sun (2, 5, 7) . Yet the simulated heat load as measured by the net radiometer (1152 W-m ) approximated desert maximal solar incidence. Consequently, time of encapsulation in the four environments studied estimated tolerable encapsulation time of well-hydrated, uninjured subjects in the field.
The present study documents that excessive heat storage occurred during encapsulation in the WRAP in all environments studied (Tables 4, 5 , and 6).
infrequent to maximize evaporation from the cover. Nonetheless, this experiment clearly demonstrates the increased cooling achieved by covering the encapsulated subject with two wet towels and periodically rewetting the towels.
In those cases where there has been atropine treatment prior to encapsulation, the use of a wettable cover over the WRAP appears obligatory in a hot/dry environment.
CONCLUSIONS
Exposure to a simulated solar heat load during encapsulation in a 
